Introduction
Processing of nascent polypeptide chains into their biologically active forms is not completely determined by their amino acid sequences but rather is subject to various cellular modulations facilitated by other proteins such as the molecular chaperones (1-5). The predominant role of these chaperones relies on the prevention of incorrect intermolecular associations of unfolded polypeptides that could result in aggregation (2-5). Two major classes of molecular chaperones are now well established: the 70-KD family and the 60-KD (GroEL/HspbO) family, termed chaperonins (6). The Hsp6Os are large, cylindrical oligomeric subunits arranged in two stacked heptameric rings of seven identical 60x11 subunits with a central cavity (7). Interaction of Hsp6O with its substrates is AV-dependent (8) and is modulated by the smaller cochaperonin HsplO, also known as GroES in bacteria (9,lO) . In eukaryotic cells, chaperonins are present in the cytosol (TCP1) (11) and in various organelles such as mitochondria (Hsp6O) (8, 12, 13) , peroxisomes (13) and chloroplasts (cpn60) (6, 14) . chymotrypsinogen, whereas trypsinogen and carboxypeptidase B showed much lower association values. Immunoprecipitation of isolated zymogen granule content with an antiHsp60 antibody appears to confirm the morphological data, since amylase and lipase were found to co-precipitate with Hsp60. These findings support the hypothesis that Hsp60 is associated with certain pancreatic proteins along the secretory pathway. Hsp60 would assist the proper folding and assembly of pancreatic secretory proteins and could also prevent their autoactivation before secretion. Recently, have revealed the presence of the chaperonin 60 and its cochaperonin 10 in distinct compartments along the secretory pathway of the pancreatic acinar cells. These chaperonins follow an increasing gradient of concentration along the RER-Golgi-granule secretory pathway (15) and appear to be subsequently secreted into the acinar lumen along with the pancreatic secretory proteins (16).
The mammalian exocrine pancreas has become a classical model for the investigation of protein secretion (17). In the acinar cell, newly synthesized secretory proteins are transported through intracellular compartments from the rough endoplasmic reticulum to zymogen granules, which eventually extrude their content into the lumen by exocytosis (17). The co-distribution of chaperonins with the secretory proteins suggests that, in the pancreas, these must be involved in the process of protein secretion (15, 18) .
In the present study we have evaluated this hypothesis by detecting molecular associations between Hsp6O and pancreatic secretory proteins using double immunolabeling techniques on rat pancreatic acinar cells. To support the morphological results, we have also evaluated biochemically the existence of such associations by carrying out immunoprecipitation and immunoblotting experiments. The results obtained indicate that indeed Hsp60 appears to preferentially associate with some pancreatic enzymes, such as lipase, amylase, and chymotrypsinogen, along their secretory pathway.
Materials and Methods

Mo rp bologicai Studies
Pancreatic tissue from normal Sprague-Dawley rats was fixed by immersion with 1% (vlv) glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 hr at 4'C. The tissue samples were washed in the phosphate buffer. dehydrated in a series of graded ethanol solutions, and embedded in Unicryl (British BioCell; Cardiff, UK) at -30°C as described previously (19, 20) .
Double labeling was performed on tissue thin sections for the simultaneous localization of Hsp6O and one pancreatic enzyme using IgG-gold complexes. To generate the best resolution, the double labeling technique was carried out on the same side of the tissue section with IgG-gold complexes formed by antibodies generated in rabbit or guinea pig and complexed to either 5-or IO-nm gold particles.
Two comparable techniques were applied: the sequential one. performing successive incubations with the different reagents, and the two-step technique, using a mixture of the two primary antibodies followed by a mixture of both gold complexes (21,22).
For sequential labeling, thin sections mounted on F'arlodion-and carboncoated nickel grids were incubated by floating them on a drop of 1% (wlv) ovalbumin in 10 mM PBS, pH 7.2, for 60 min at room temperature (RT) and then transferred to a drop of one ofthe primary diluted antibody (guinea pig anti-amylase. 1:500; anti-lipase, 1:lOo; anti-trypsinogen, 1:500; antichymotrypsinogen, 1:500; anti-carboxypeptidase B, 1:500) for an overnight incubation at 4% (23). Tissue sections were rinsed with PBS, transferred to the ovalbumin solution for 30 min, and then incubated on a drop of a goat anti-guinea pig IgG-gold complex 5 nm in size (British BioCell) for 30 min. The grids were then thoroughly washed with PBS and rinsed with distilled water. For the second labeling, the same protocol was carried out on the same tissue sections with the rabbit anti-Hsp60 antibody diluted 1:lOO (Epicentre Technologies; Madison, WI) and a goat anti-rabbit I&-gold complex, 10 nm in size (British BioCell). After rinsing and staining with uranyl acetate and lead citrate, the sections were examined with a Philips 410 electron microscope.
For the technique using the mixture of two antibodies, the tissue thin sections, mounted on nickel grids, were incubated on a drop ofthe ovalbumin solution for 60 min at RT and transferred to a drop of a mixture of two diluted antibodies, an anti-enzyme mixed with the anti-Hsp60, for an overnight incubation at 4'C. Tissue sections were then rinsed with PBS, transferred to the ovalbumin solution for 30 min, and incubated on a drop of a mixture of the goat anti-guinea pig IgG-gold complex ( 5 nm) and the goat anti-rabbit IgG-gold complex (10 nm) for 30 min. The grids were then thoroughly washed with PBS, rinsed with distilled water, dried, counterstained, and examined.
Control experiments for assessing the specificity of the immunolabelings included preadsorption of each antibody with its corresponding antigen before labeling and incubation with IgG-gold ( 5 nm) and IgG-gold (10 nm), omitting one or both of the first-layer antisera. In addition, single immunogold labelings were carried out on adjacent sections Determination of the PeKentage of Association. To quantitatively d uate the association of Hsp6O with pancreatic enzymes, densities of labeling and percentages of association were carried out directly on micrographs at ~9 5 , 0 0 0 final magnification, using a Videoplan 2 image processing system (Carl Zeiss; Toronto, Ontario, Canada). Twenty micrographs were recorded and analyzed for each secretory protein.
The number of gold particles revealing Hsp60 that were separated by less than 20 nm from a gold particle revealing a pancreatic enzyme was evaluated. These two gold particles were considered as associated. The total number of gold particles revealing Hsp60 was also counted. The percentage of association in a given cellular compartment was calculated by dividing the number of associated particles by the total number of Hsp6O particles ( x 100) in that same compartment. This percentage of association was evaluated in different compartments involved in secretion.
The association limit distance of 20 nm was determined by considering the size of the immunoglobulins (-10 nm) and that of the gold particle ( 5 or 10 nm). All of the particles revealing Hsp60 and a pancreatic enzyme and located at a distance within 20 nm were considered to be associated.
Biochemical Analysis
The association of Hsp6O with pancreatic enzymes was investigated using the Hsp6O immunoprecipitate of isolated zymogen granule content. The Hsp6O immunoprecipitate was analyzed by SDS-PAGE, followed by immunoblot as revealed with different antibodies: anti-Hsp60, anti-lipase, and anti-amylase.
Isolation of Zymogen Granules and Content. A zymogen granule fraction was isolated from rat pancreas according to the procedure described by Piquet et al. (24) . Briefly, pancreases from 15 animals were homogenized in 10 volumes of ice-cold medium (0.65 M sucrose, 8 mM Na-cacodylate buffer, pH 6.5) with a Teflon-glass homogenizer. After sequential centrifugations of the filtered homogenate, the final pellet was recovered in 10 mM piperazine NN-bis-2-ethanesulfonic acid monosodium salt buffer, 0.56 M sucrose, pH 6.5 (PIPES), to remove the loosely packed mitochondria. A sample of this pellet was fived with 1% glutaraldehyde and processed for examination by electron microscopy. The main part of the pellet was resuspended in the lysis buffer (25 mM Hepes, 100 mM KCI, pH 8.2) and incubated for 30 min at 4°C. After centrifugation at 1000 x g for 60 min, the supernatant was recovered and was considered to represent the granule content (24).
Protein concentration was determined using the bicinchoninic acid method (Micro BCA Protein Assay Reagent Kit; Pierce, Rockford, IL) with bovine serum albumin as a standard (25).
Immunoprecipitation of the Hsp60-Enzyme Complex. The content of purified zymogen granules was solubilized in 1 ml of Tris buffer (50 mM Xis-HC1, 150 mM NaCl, 5 mM EIYIA, 0.02% NaN3, pH 7.4, and proteinase inhibitors: 35 pglml PMSF, 0.3 mglml EDTA, 0.7 pglml pepstatin A, and 0.5 pg/ml leupeptin). An excess ofHsp60 antibody (1:500) was added to the content and incubated on ice for 1 hr under agitation. The Affi-Gel protein A (binding capacity of 22 mg IgGlml gel) (Bio-Rad Laboratories; Hercules, CA) was added to the solution and incubated on ice for 1 hr. The immunoprecipitate was then washed three to five times in 100 pI of Tris buffer plus 0.05% Nonidet by centrifugation at 4°C (26).
The immunoprecipitate was recovered and analyzed by 12% SDS-PAGE and immunoblotting to reveal Hsp60, amylase, or lipase, using corresponding antibodies (1:500 dilution) (27).
Results
Double immunogold labeling of rat pancreatic tissue sections revealed the simultaneous presence of pancreatic enzymes and Hsp60 antigenic sites at the level of the rough endoplasmic reticulum, the Golgi apparatus, the immature and mature zymogen granules of the acinar cells, and in the content of the acinar lumen ( Figure   1 ). Similar results were obtained with various anti-enzyme antibodies, the density of labeling varying from one enzyme to the other. In addition to being present in cellular compartments involved in secretion, Hsp6O was also detected in mitochondria. The labeling for the enzymes over mitochondria and nucleus, on the other hand, was rather constant, very low, and considered as nonspecific. At higher magnification (Figure 2) , topographical associ- ations between small (enzyme) and large (HspbO) gold particles became conspicuous. Based on the resolution of the technique, the close association between the two antigens, Hsp6O and one enzyme, was considered when both types of particles were located at a distance less than 20 nm. The limiting distance of 20 nm between both types of markers is quite conservative, because it takes into consideration only the minimal distance between reagents (10 nm from each Ig molecule, allowing the detection of both antigens and the size of the gold particles), probably excluding some Hspenzyme complexes. The values reported in this study could therefore be considered as underestimated. The level of association appeared to differ from one enzyme to the other. Indeed, when amylase was considered, the level of association appeared to be higher than that for trypsinogen (Figure 2) . Levels of association were first quantitatively evaluated in the zymogen granules and their percentage calculated. The values obtained confirm the subjective observations. Indeed, lipase, amylase and chymotrypsinogen showed high values (45%. 34%. and 31v0 respectively), whereas values for carboxypeptidase B and trypsinogen were lower (20% and l8%, respectively). Furthermore, the percentage of association of amylase, lipase, and trypsinogen with Hsp6O was calculated in different cellular compartments ( Table 1) . The association appears to follow an increasing gradient of concentration along the RER-Golgi-granule secretory pathway. Very similar results were obtained whether the reagents were used in sequential steps or whether mixtures of antisera and of gold complexes were used. In control experiments, drastic reductions in labeling were obtained, demonstrating the specificity of the results.
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The biochemical procedure yields a fraction of isolated granules that appear, by electron microscopy, to be quite pure and to be composed of intact membrane-bound granules, as reported previously (24). On lysis, their content was purified. The Hsp6O immunoprecipitate analyzed by immunoblotting with anti-Hsp60 exhibited one band in the range of 60 KD, corresponding to the 
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molecular weight of this chaperonin (Figure 3) . Immunoblotting of the same Hsp6O immunoprecipitate with anti-amylase also exhibited a single band in the range of 60 KD, which corresponds to the molecular weight of this protein (Figure 3) . On the other hand, the anti-lipase antibody revealed several bands, two being in the 5O-KD range and probably corresponding to lipase (MW 48 KD) and several others, between 50 and 20 KD (Figure 3) . SDS-PAGE and immunoblotting of pancreatic juice using the anti-lipase antibody also revealed all of these same bands (results not shown).
Discussion
In recent (15.18) and present studies, we have demonstrated the presence of chaperonins along the secretory pathway of pancreatic acinar cells and their co-distribution with pancreatic secretory proteins. Such results suggest that, in the pancreas, the chaperonins might be involved in the process of protein secretion. Similar situations have been described in bacteria as well as in pancreas, in which particular chaperones have been implicated in the secretory process of Pseudomonas (28)and pancreatic (29) lipases, reinforcing our hypothesis. The particular role played by chaperonins in pancreatic secretion remains, however, to be elucidated.
To gain insights into this role, in the present study we have colocalized Hsp6O and different enzymes in pancreatic acinar cells and have evaluated their association by morphometrical and biochemical analysis.
Results derived from the morphological studies indicate that Hsp6O is preferentially topographically associated with certain pancreatic enzymes, such as amylase, lipase, and chymotrypsinogen, suggesting a potential role for Hsp6O in the secretion of these particular proteins. The higher percentage of association found for these enzymes is not related to their concentration in the cell, because lipase, for example, is present in very low amounts in normal rat pancreas (16, 30) .
The percentage of association follows an increasing gradient along the RER-Golgi-granule secretory pathway. This suggests that Hsp6O is associated with the nascent peptide at the level of the RER and is concentrated in the Golgi apparatus and secretory granules for final release into the lumen. At the level of the RER, other Hsps, such as those of the 70-KD family of proteins, interact with the nascent peptides emerging from the ribosome (31). The com-
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pleted but not yet folded polypeptide must then be transferred to Hsp6O for proper folding during its post-translational maturation (32) . It has been proposed that the protein folding assisted by chaperonins allows multiple rounds of binding and release before reaching its native state (33, 34) . In this sense, the protein could be released temporarily from the chaperone to undergo posttranslational modifications during its passage through the different cellular compartments (35) . An altemative would involve the existence of different homologues of HspGo that could intervene sequentially. This is supported by the high degree of homology in the amino acid sequences among different proteins of the Hsp6O family (11.36). The highest percentage of association was found to be in the zymogen granule, which represents the last cellular step in the protein concentration process. The association between Hsp60 and certain enzymes at this level suggests a role for Hsp6O in the proper folding of the mature enzyme and probably also in preventing premature activation of the enzyme before its secretion. Indeed, the presence of Hsp6O in the acinar lumen and in the content of pancreatic juice (15) might also be an indication of a chaperonin function on certain secreted enzymes before their activation in the duodenum.
The biochemical association between Hsp6O and pancreatic enzymes was carried out through immunoprecipitation of isolated secretory granules. By immunoblotting, Hsp60, lipase, and amylase were detected in the Hsp6O immunoprecipitate, indicating that these proteins were precipitated by the anti-Hsp60 antibody. The fact that the chaperonin and the enzymes were immunoprecipitated together suggests an association between both molecules, which reinforces the data derived from morphological studies.
The involvement of chaperonins in protein secretion, as postulated for the pancreas, is not a unique phenomenon and is supported by previous demonstrations that chaperones do participate in the secretory process. The first indication that GroEL is involved in protein secretion came from crosslinking studies demonstrating that newly synthesized pre-P-lactamase forms a stable complex with GroEL required for pre-P-lactamase post-translationa! translocation (37) . In other cases, molecuhr chaperones have been found to be involved in the folding of enzymes such as Pseudomonas lipase (28) and yeast carboxypeptidase Y, which requira Bip(Kar2p) (38). In mammalian cells, chaperonins participate in the folding of many enzymes, such as citrate synthase (39) and rhodanese (33) . Moreover, it has recently been found that chaperones are involved not only in the folding of enzymes but in their secretion as well (29). Indeed, a multiprotein complex that includes the chaperone Grp 94-related protein has been shown to play an essential role in the folding, transport, and secretion of bile salt-dependent pancreatic lipase (29). CSP, a new member of the conserved DnaJIHsp40 chaperone family, was detected in the zymogen granule membrane, suggesting some involvement in exocrine secretion (40) . These data therefore support and reinforce our hypothesis of a primordial role played by chaperonins in pancreatic secretion.
In conclusion, morphological and biochemical data from the present study suggest an association between Hsp6O and pancreatic enzymes along their secretory pathway. We presume that a protein complex including Hsp6O may play an essential role in the secretory process to assist in folding and to prevent premature aggregation of certain pancreauc enzymes. In addition, we propose that this association could also prevent autoactivation of some enzymes before they reach their target site
